Stable glasses of indomethacin (IMC) were prepared by using physical vapor deposition. Wide-angle X-ray scattering measurements were performed to characterize the average local structure. IMC glasses prepared at a substrate temperature of 0.84 Tg (where Tg is the glass transition temperature) and a deposition rate of 0.2 nm/s show a broad, high-intensity peak at low q values that is not present in the supercooled liquid or melt-quenched glasses. When annealed slightly above Tg, the new WAXS pattern transforms into the melt-quenched glass pattern, but only after very long annealing times. For a series of samples prepared at the lowest deposition rate, the new local packing arrangement is present only for deposition temperatures below Tg ؊20 K, suggesting an underlying first-order liquid-to-liquid phase transition.
I
f a liquid is cooled to just below its melting point, one of two outcomes will be observed. If the liquid readily forms crystal nuclei, then crystals will form and grow. Otherwise, the system will remain in the now metastable liquid state. In the absence of crystallization, further cooling of this supercooled liquid will result in slower dynamics, and eventually, the dynamics will become so slow that the supercooled liquid cannot maintain its equilibrium state (1) . At this glass transition temperature (T g ), the system properties deviate from the properties of the supercooled liquid, and a glass is formed.
Whereas the liquid-to-crystal transition is a first-order phase transition, the supercooled liquid-to-glass transition is a kinetic event based on relaxation times growing rapidly as the temperature is decreased. A great deal of recent work has been concentrated on understanding the nature of slow dynamics in supercooled liquids (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . As a liquid is cooled at lower rates, more time is given for the system to find equilibrium, and thus, T g decreases. For many organic liquids, T g decreases 3-4 K for every order-of-magnitude decrease in the cooling rate. Because there is a practical limit as to how slowly a sample can be cooled, a glass always forms upon cooling (if crystallization does not occur).
What if one could cool a supercooled liquid extremely slowly such that equilibrium was always maintained? There are good reasons to believe that something interesting must occur. In 1948, Kauzmann discussed the consequences of very slow cooling for the entropy of a supercooled liquid, which identified the so-called Kauzmann entropy crisis (12) . For some liquids, if the entropy is extrapolated to low temperature, it becomes equal to that of the crystal not too far below the conventional T g ; further extrapolation leads to a negative entropy above absolute zero in violation of the third law of thermodynamics. Because this is impossible, it is generally assumed that the extrapolation that produces this crisis must be incorrect, and thus something interesting must occur when a supercooled liquid is cooled very slowly. Several theories suggest that a first-order thermodynamic phase transition occurs below the laboratory glass transition (13, 14) but other resolutions, including second-order transitions (15, 16) and continuous processes (17) (18) (19) (20) (21) (22) , have been proposed. Because of the impractically long time scales associated with molecular motion below the conventional T g , these ideas are not easily tested by experiments in which bulk liquids are cooled.
Fortunately, an exciting method has been developed for preparing glass films that are close to equilibrium at temperatures considerably below the conventional T g (23) (24) (25) (26) (27) . Recent work has shown that, when the correct substrate temperature and deposition rate are used, physical vapor deposition can produce amorphous samples with lower enthalpies (24) and higher densities (28) than glasses formed by cooling a liquid at a few degrees Kelvin per minute. Extrapolation indicates that a supercooled liquid would have to be slowly cooled over at least 1,000 y to prepare a glass whose properties match those of the vapor-deposited materials (23) (24) (25) . It has been proposed that the preparation of such stable glasses makes use of the strongly enhanced dynamics of molecules at the surface of a glass relative to bulk molecules. Even though the sample might be prepared below the conventional T g , molecules arriving from the vapor phase find themselves in a fluid layer that is several molecular diameters in thickness. If the deposition rate is low, these molecules can sample configurations and at least partially equilibrate before they are buried (and immobilized) by further deposition. Because every molecule in the film was, at one point, part of the mobile surface layer, the entire film can be close to equilibrium at the end of the deposition process. Clearly, this mechanism requires molecules in the surface layer to be much more mobile than molecules in the bulk. The ratio of mobilities has been estimated to be Ϸ10 7 or greater during a typical deposition (23, 24) . Other experiments on glass surfaces are consistent with the surface mobility being much higher than the bulk mobility (29) (30) (31) .
Here, we report the results of wide-angle X-ray scattering (WAXS) experiments performed on vapor-deposited glasses of the organic molecule indomethacin (IMC). IMC is a nonsteroidal antiinflammatory pharmaceutical, and the properties of IMC glasses have been extensively investigated as a part of an effort to develop amorphous pharmaceuticals; the high free energy of the glass relative to the crystal leads to enhanced solubility (32) (33) (34) . Beyond this, IMC is a typical organic glass former, with a fragility similar to that of o-terphenyl, salol, maltitol, and phenobarbital (35) . We used physical vapor deposition to prepare IMC glasses at a range of substrate temperatures and deposition rates, including conditions that prepare highly stable glasses. WAXS measurements were used to characterize the local packing in these different vapor-deposited IMC glasses and also in the melt-quenched glass and supercooled liquid.
Whereas most previous WAXS measurements on supercooled liquids and glasses have found relatively small changes in local packing with temperature (36-39), we find a large difference between the structure of the lowest enthalpy glasses created by vapor deposition and the structure of the equilibrium supercooled liquid above T g . In contrast, we find little change in structure for the supercooled liquid as a function of temperature. Thus, the new local packing arrangement exhibited by the vapor-deposited IMC glasses would not be anticipated by an extrapolation of the properties of the supercooled liquid to low temperature. Furthermore, the onset of this new packing arrangement occurs over a narrow range of substrate temperatures (near T g Ϫ20 K), suggesting that a first-order phase transition separates the normally observed high temperature liquid from a new low temperature equilibrium supercooled liquid. Consistent with this view, when the lowest enthalpy glasses are annealed near T g , the new packing arrangement reverts back to the packing characteristic of the supercooled liquid; this transformation occurs over the course of several hundred structural relaxation times ( ␣ ) for the supercooled liquid. If a first-order liquid-to-liquid phase transition does exist for IMC, it may provide the resolution to the Kauzmann entropy crisis for this system.
A few other systems have been reported to have a liquid-toliquid transition, with triphenyl phosphite (TPP) being the most similar to indomethacin. A first-order transition has been reported to occur in TPP at ambient pressure a few degrees Kelvin above T g (40) (41) (42) . To our knowledge, a liquid-to-liquid transition occurring below the conventional T g has not been previously shown. These results for IMC raise the intriguing possibility that physical vapor deposition might be a general method for gaining access to low-temperature amorphous states that were previously hidden from experimental investigation.
Results and Discussion
Local Packing in the Supercooled Liquid and Melt-Quenched Glass of IMC. Fig. 1 depicts WAXS patterns for the equilibrium supercooled liquid of indomethacin at 353 K as a function of the scattering wave vector q. The WAXS pattern for the glass that is produced by cooling this liquid to 295 K is also presented. The T g for IMC cooled at 40 K/min is 315 K, and we use this a reference temperature in this article (24) . Additional WAXS experiments were performed at 313 K and 333 K. The data at 313 K and 333 K lie in between the curves in Fig. 1 and are not shown. The data in Fig. 1 are consistent with previously reported WAXS measurements on amorphous IMC (34) .
The WAXS data in Fig. 1 indicates that the average local packing in supercooled IMC changes only slightly with temperature. The subtle intensity changes that do occur are typical of data on many supercooled organic liquids (36) . This is in contrast to literature reports for liquid TPP (40) . For TPP, a liquid-toliquid phase transition has been reported a few degrees Kelvin above T g ; the stable state at low temperature (the ''glacial'' state) has a significantly different WAXS pattern than that of the supercooled liquid obtained at slightly higher temperatures.
A molecular interpretation of the WAXS patterns shown in Fig. 1 (and elsewhere in this article) is difficult and beyond the scope of this investigation. For a single component liquid of spheres, the WAXS pattern can be directly inverted to obtain the radial distribution function. For molecular liquids, the observed WAXS pattern is influenced by the pair correlation function of every structurally distinct atom and also the cross-correlation functions of all these atoms (43) (44) (45) . Hydrogen-bonding needs to be carefully considered because it likely plays an important role in determining the structure of IMC in the liquid and glass. Thus, for molecules such as IMC, extensive modeling and some assumptions are needed to extract a molecular view of the packing (34, 36) . In this article, we use the WAXS pattern as a method for detecting changes in local packing. and we interpret significant new features in the WAXS pattern as indicating a new packing arrangement. Further characterization, including experiments designed to investigate possible anisotropy in the vapordeposited samples, would provide additional information that will likely be needed for a molecular interpretation of these results.
Local Packing in Vapor-Deposited IMC Samples. Fig. 2 shows WAXS patterns for an indomethacin sample vapor-deposited at a substrate temperature (T substrate ) of 265 K and deposition rate of 0.2 nm/s. The as-deposited sample is shown at the back of the stacked plot. This sample was annealed at T g ϩ4 K (319 K) for a series of 6,000-s intervals, and after each interval, an additional WAXS pattern was acquired at room temperature; these subsequent scans are presented in the foreground of the figure.
Clearly the as-deposited WAXS pattern for the vapordeposited IMC glass shown in Fig. 2 is significantly altered in comparison with the final scans obtained after annealing. This contrast is highlighted in Fig. 3 . The as-deposited IMC sample shows a broad, high-intensity peak at q values near 0.6 Å Ϫ1 ; at this value of q, the annealed sample shows only a shoulder. In addition, the as-deposited IMC sample shows slightly less scattering in the range between 1 and 2 Å Ϫ1 than the glass formed after annealing. Both of these features were reproducibly observed in depositions at low rates and low temperatures. The WAXS pattern obtained after long annealing is consistent with the supercooled liquid and melt-quenched glass patterns shown in Fig. 1 . This (and evidence presented in ref. 25 ) establishes that the new peak in the as-deposited sample is not due to decomposition that could conceivably occur during vapor deposition. Thus, the two WAXS patterns shown in Fig. 3 must be interpreted as arising from two different types of local packing for IMC molecules. We note that the new peak in the as-deposited sample is unexpected, given the temperature dependence of the WAXS patterns above T g (Fig. 1) . There has been a recent report of pressure-induced polyamorphism in IMC based on shifts of peaks in the Raman spectra (46) . Preliminary Raman experiments on samples vapor-deposited at T substrate ϭ 265 K and 0.2 nm/s show no change upon annealing, indicating that vapordeposition does not access the same packing configurations that are obtained through pressurization.
The fact that the new peak produced by vapor deposition disappears upon annealing indicates that the as-deposited packing arrangement is unstable with respect to the supercooled liquid packing at 319 K. One sample, prepared at 0.2 nm/s with T substrate ϭ 290 K, was annealed instead at 310 K (a few degrees below the conventional T g ). The peak at 0.6 Å Ϫ1 was observed to decay with annealing, indicating that the new local packing arrangement is also less stable than the supercooled liquid at 310 K.
For further analysis, it is convenient to quantify the strength of the new peak at 0.6 Å Ϫ1 by integrating the WAXS pattern over wave vectors near 0.6 Å Ϫ1 and comparing this integral to the corresponding value for the sample after it has been annealed to the equilibrium supercooled liquid. I͑t ϭ ϱ; q͒dq .
[1] Fig. 4 highlights the temporal stability of the new packing arrangement (same sample shown in Fig. 2 ) by using ⌬I to quantify the change in local packing. The WAXS pattern is almost unchanged after 12,000 s of annealing at 319 K and then converts to the supercooled liquid WAXS pattern over the next 18,000 s. Also plotted in Fig. 4 is time-dependent heat capacity data from quasi-isothermal temperature-modulated DSC (47) . In this DSC experiment on an identically prepared vapordeposited IMC glass, the temperature was jumped up to 319 K and then modulated with a 60-s period (0.5 K amplitude). The heat required to maintain the specified temperature modulation allows the reversing heat capacity C p to be determined as a function of time. At short times, the sample has the low C p value of a glass, whereas at long times, C p is equal to the higher value of the supercooled liquid. From C p (t), the left axis of Fig. 4 can be constructed, showing the time dependence of the conversion of the vapor-deposited glass into the supercooled liquid (47) . The simplest interpretation of the heat capacity data of Fig. 4 is that these vapor-deposited IMC samples are a mixture of 2 glasses that have different local packing arrangements, as was suggested in ref. 47 . The HT glass (glass formed at high deposition temperatures) has a structure similar to the supercooled liquid and the melt-quenched glass, whereas the LT glass (glass formed at low deposition temperatures) has a structure that results in an extra WAXS peak near q ϭ 0.6 Å Ϫ1 . The packing in the HT glass is apparently less kinetically stable than that of the LT glass; the DSC experiment shows that the HT glass is transformed into the supercooled liquid first (within 10,000 s). Because the structure of the HT glass is similar to the meltquenched glass, this transformation is essentially invisible in the WAXS experiment. In contrast, the LT glass requires nearly 30,000 s to complete the transformation to the supercooled liquid. Both the HT glass and the LT glass show high kinetic stability compared with IMC glasses that have been aged after cooling from the liquid (24, 25) . From dielectric relaxation data, the structural relaxation time ␣ of IMC supercooled liquid at 319 K has been determined to be 25 s (48). Thus, the LT glass resists transformation to the supercooled liquid for Ͼ900 ␣ ; for highly aged melt-quenched glasses, transformation times Ͼ50 ␣ have not been observed (47) . A more detailed report of the kinetics of the decay of the LT glass into the supercooled liquid for our samples will be presented elsewhere. Fig. 2 have been performed for Ͼ20 vapor-deposited IMC glasses. For each sample, we use Eq. 1 to quantify the excess scattering near q ϭ 0.6 Å Ϫ1 . For the as-deposited IMC glasses, these results are presented in Fig. 5 . The sample shown in Fig.  2 exhibited one of the largest peaks near q ϭ 0.6 Å Ϫ1 ; this sample is shown in the upper left corner of Fig. 5 . We interpret this large value of ⌬I to mean that a large fraction of this sample is the LT glass.
Indications of a First-Order Phase Transition. Experiments like those shown in
Beyond the general observation that lower substrate temperatures led to larger peaks near q ϭ 0.6 Å Ϫ1 , two trends are apparent in Fig. 5 . First, for all deposition temperatures Ͻ292 K, slower deposition results in larger amounts of excess scattering. Second, for all deposition temperatures Ͼ292 K, slower deposition results in smaller amounts of excess scattering. The arrows in Fig. 5 indicate the change in the excess scattering as the deposition rate is decreased. A consequence of these two trends is that the transition between no excess scattering at high temperature to excess scattering at low temperature becomes sharper with decreasing deposition rate.
We interpret Fig. 5 with one key assumption: Lower deposition rates produce samples closer to equilibrium. Lower deposition rates mean that molecules spend more time in the mobile surface layer before being immobilized in the bulk sample. More time allows more configurational sampling. At sufficiently low deposition rates, we anticipate that equilibrium will be achieved, and the properties of the samples will become independent of deposition rate, assuming that crystallization does not occur. Although we have not yet reached such low deposition rates, we assume that lower deposition rates prepare systems closer to equilibrium.
With this assumption, Fig. 5 shows an increasingly sharp transition as the samples approach equilibrium. This trend is consistent with a discontinuity in structure in the limit of slow deposition, corresponding to a first-order thermodynamic phase transition that occurs between 290 and 295 K. If this corresponds to a first-order transition between two liquid states, it would be the first such transition known to occur below the conventional T g .
The high-temperature behavior shown in Fig. 5 , particularly the dependence of the excess scattering on deposition rate, deserves further discussion. It may seem counterintuitive that above 292 K faster deposition gives rise to more of the LT glass (i.e., peak at q ϭ 0.6 Å Ϫ1 .) The fastest deposition rate provides very little time for configurational sampling. Under these conditions, incoming molecules are more likely to be trapped in local packing arrangements that do not represent the thermodynamically preferred structure at the substrate temperature. Above 292 K, this is manifested as greater excess scattering near q ϭ 0.6 Å Ϫ1 at the highest deposition rates. Although higher deposition rates at high temperatures produce larger fractions of LT glass, it is not necessarily the case that these glasses exhibit higher kinetic stability than glasses produced at lower deposition rates (24) .
Although IMC may be the a case of a liquid-to-liquid phase transition below the conventional T g , in other respects, its behavior is similar to reports for triphenyl phosphite (TPP). As mentioned above, a first-order liquid-to-liquid transition has been reported for TPP slightly above T g at atmospheric pressure (40) (41) (42) . A first-order transition between two liquid states with the same composition has also been reported for 20-32 mol % Y 2 O 3 in Y 2 O 3 -Al 2 O 3 melts at Ϸ1500 K (49, 50) . In this case, the low-temperature phase is the low-density phase (51, 52) . In addition, pressure-induced polyamorphic transitions have been reported for silicon, B 2 O 3 , AsS, a chalcogenide glass, and H 2 O (53-57). In all of these cases, distinctive differences are observed when comparing the WAXS patterns for the 2 amorphous phases.
An effort was made to produce the LT glass by aging an HT glass of IMC. An IMC sample was vapor-deposited at T substrate ϭ 315 K and a rate of 7 nm/s; we have shown previously that such vapor-deposited samples are very similar to melt-quenched glasses (25, 58) . Even after 45 d of aging at room temperature, no evidence of the peak at 0.6 Å Ϫ1 was observed. This result could be understood as indicating either that our aging temperature was not low enough or that the transformation time to the LT glass form is very long. For TPP, annealing times longer than 10 5 ␣ were required to transform the higher-temperature liquid into the lower-temperature liquid (as known as the glacial state) (40, 59) . For IMC at room temperature, 10 5 ␣ is Ϸ10 5 y. We emphasize that our data do not prove the existence of a first-order liquid-liquid phase transition in IMC. Furthermore, if such a transition does exist, our experiments do not probe it at equilibrium because we form nonequilibrium glasses (and not metastable liquids) for substrate temperatures both above and below the suspected phase transition temperature.
Nanocrystals?
An alternate explanation of the data in Figs. 2 and 3 would be that very small crystals in the as-deposited sample cause the peak at 0.6 Å Ϫ1 . If one assumes that this broad peak is a single crystalline peak, then the Scherrer equation gives a crystal size of 2-3 nm (43) . If one attributes the new peak to nanocrystals, the transformation shown in Fig. 2 would be the melting of the crystals. Although 319 K is far below the melting points of the known IMC polymorphs, a melting point near 319 K would be consistent with the Gibbs-Thomson equation for crystals of 1-2 nm, given literature values for the crystal-liquid interfacial energy (60) .
There are 3 experimental observations indicating that the nanocrystalline hypothesis is unlikely to be correct. First, the position of the new WAXS peak at 0.6 Å Ϫ1 is not consistent with the diffraction patterns for any of the 3 known crystalline polymorphs of IMC: ␣, ␥, and ␦ (61). If powder diffraction patterns of the known polymorphs are artificially broadened to simulate the effect of decreasing crystal size, no peak is observed to form at 0.6 Å Ϫ1 . So, if the peak at 0.6 Å Ϫ1 is crystalline in origin, it results from a currently unknown polymorph.
The second observation inconsistent with nanocrystals is the absence of a well-defined melting point or melting point range. Differential scanning calorimetry on vapor-deposited IMC glasses show 1 or 2 endothermic peaks that could be interpreted either as the melting of nanocrystals or as the ''enthalpyovershoot'' feature expected for a very stable glass (24, 25) . The temperature at which these endotherms occur depends on the heating rate used, as would be expected for an enthalpy overshoot (but not for a crystal melting endotherm). Perhaps the nanocrystal hypothesis could be maintained if the melting process could be shown to be kinetically hindered by the surrounding glass.
The final observation that argues against the nanocrystal hypothesis involves the width of the peak at 0.6 Å Ϫ1 for the samples prepared at T substrate ϭ 265 K and rates of 0.2 and 0.8 nm/s. If the new peak found in the as-deposited samples was nanocrystalline in origin, one would expect that lower deposition rates would lead to larger crystals because crystal nuclei would have more time to grow in the mobile surface region before being immobilized by further deposition. Larger crystals would give rise to a sharper WAXS peak at 0.6 Å Ϫ1 . Although the intensity of the peak does increase with decreasing deposition rate, the full width at half height is constant (within error), even though the deposition rate changes by a factor of 4. The invariance of the width of the peak at 0.6 Å Ϫ1 is consistent with the idea that the new peak results from an amorphous structure. Based on this final observation, we conclude that it is unlikely that the new peak has a crystalline origin.
Concluding Remarks. We have shown that vapor deposition of IMC can prepare a previously unreported amorphous packing arrangement. The existence of this new local packing arrangement was previously suggested on the basis of calorimetric data (47) . Surface mobility at temperatures below the conventional T g apparently allows nearly equilibrium samples to be prepared. Our WAXS studies are consistent with a first-order liquid-toliquid phase transition for IMC between 290 and 295 K. Although it should, in principle, be possible to reach the new amorphous packing by aging a melt-quenched glass of IMC, in practice, the time required could easily exceed thousands of years.
These results suggest that vapor deposition can be used as a route to the discovery of new amorphous packing arrangements in many glass-forming systems. Through the study of these new packing arrangements, we hope to gain further insight into the process of glass formation and the resolution of the Kauzmann entropy crisis. In addition, the interesting properties of these vapor-deposited glasses, including higher density (26, 28) better thermal stability (25, 27) , and reduced vapor uptake (58), will likely be technologically relevant.
Materials and Methods
Materials. Crystalline IMC (Tmelt ϭ 434 K) was obtained from Sigma and used without further purification. Samples were vapor-deposited onto Si [5 1 0] wafers (24-mm diameter, 1 mm thick) that were polished on one side; the wafers were obtained from Gem Dugout. Si [5 1 0] was used because of the limited scattering produced in the q range of this study.
Methods.
Vapor depositions were carried out in a vacuum chamber with a base pressure of 10 Ϫ7 to 10 Ϫ8 torr. The chamber is designed such that the crucible loaded with crystalline IMC can be positioned 3 cm beneath either a quartz crystal microbalance (QCM; Sycon Instruments) or a silicon wafer. While positioned under the QCM, the crucible was heated by using a resistive wire heater to achieve the desired deposition rate. Once this was achieved, the crucible was positioned under the wafer. The wafer was attached to a temperature-controlled cold finger by using Apeizon thermal contact grease. The deposition rate was checked periodically by temporarily repositioning the crucible under the QCM. Deposition was terminated when a 20-m film had formed in the center of the silicon wafer. The crucible is sufficiently close to the wafer that a thickness gradient exists in the deposited film, with the film at the edge of the wafer being 3 times thinner than in the center. All deposition rates reported are the rates for the center of the film. During the deposition, the substrate temperature was held within Ϯ1 K of the specified temperature. Deposition rates were constant Ϯ15% for 0.2-and 0.8-nm/s depositions and Ϯ25% for the 7-nm/s depositions. The 20-m thickness of the samples allowed for adequate scattering intensity while keeping the total deposition time within reason (Ϸ1 d for the lowest deposition rate). After deposition, the substrate was returned to room temperature, and the chamber was brought up to atmospheric pressure by using nitrogen gas. The sample was then removed from the chamber and stored with desiccant in a freezer to minimize aging before the WAXS measurements.
WAXS scans on the vapor-deposited samples were carried out in Madison, WI, by using a Bruker D8 Advance in a Bragg-Brentano configuration. The samples were scanned at room temperature from q ϭ 0.35 to 2.45 Å Ϫ1 with a step size 0.002 Å Ϫ1 and an integration time of 4 s per step by using copper K␣ ( ϭ 1.54 Å) X-rays. A 0.6-mm-wide receiver slit was used that induced a broadening of Ϸ0.002 Å Ϫ1 . Ten scans of the blank wafer were averaged to obtain the background scattering. A 21-point smooth (decreasing the resolution to 0.008 Å Ϫ1 ) was applied to the raw data, after which the background was subtracted from the scans; no further corrections were applied to the vapor-deposited data. Sample annealing was carried out in a custom oven controlled at 319 K, with the exception of one sample that was annealed at 310 K.
WAXS scans were also performed on the supercooled liquid as a function of temperature and on the melt-quenched glass at 298 K. These measurements were performed in Mainz, Germany, in transmission geometry by using a custom-built instrument with a Bruker X-ray tube and copper K ␣ X-rays. Crystalline IMC was melted under an argon atmosphere and loaded into a temperature-controlled sample holder. Scattering data were obtained from 0.151 to 1.939 Å Ϫ1 by using an area detector with an integration time of 3,600 s. The only correction applied to these data accounted for distortions associated with the flat detector.
